Objective: To investigate the role of alteplase, a widely-used thrombolytic drug, in platelet function. Methods: Human platelets were incubated with different concentrations of alteplase followed by analysis of platelet aggregation in response to adenosine diphosphate (ADP), collagen, ristocetin, arachidonic acid or epinephrine using light transmittance aggregometry. Platelet activation and surface levels of platelet receptors GPIba, GPVI and aIIbb3 were analysed using flow cytometry. The effect of alteplase on clot retraction was also examined. Results: This study demonstrated that alteplase significantly inhibited platelet aggregation in response to ADP, collagen and epinephrine in a dose-dependent manner, but it did not affect ristocetin-or arachidonic acid-induced platelet aggregation. Alteplase did not affect platelet activation as demonstrated by no differences in P-selectin levels and PAC-1 binding being observed in collagen-stimulated platelets after alteplase treatment compared with vehicle. There were no changes in the surface levels of the platelet receptors GPIba, GPVI and aIIbb3 in alteplase-treated platelets. Alteplase treatment reduced thrombin-mediated clot retraction. Conclusions: Alteplase inhibits platelet aggregation and clot retraction without affecting platelet activation and surface receptor levels.
Introduction
Platelets are enucleate cells that play an important role in the regulation of thrombosis and haemostasis. 1, 2 At the site of vascular injury, circulating platelets adhere and firmly attach to the subendothelial matrix through a membrane glycoprotein (GP) receptor complex known as GPIb-IX-V, which binds to von Willebrand factor (vWF); and another, GPVI, which binds to collagen. 3 After binding to their respective ligand, platelet intracellular signalling pathways are activated, leading to a change in platelet shape, granule release and finally integrin aIIbb3 activation, which binds to fibrinogen, fibronectin or vWF and mediates platelet aggregation (known as aIIbb3 inside-out signalling). [4] [5] [6] Engagement of fibrinogen or other ligands also triggers aIIbb3 outside-in signalling transduction and subsequent platelet spreading and clot retraction as well as thrombus stabilization. 7, 8 This process is critical for preventing blood loss (i.e. haemostasis). Abnormal platelet function is closely associated with bleeding or thrombosis. 9, 10 Alteplase is a thrombolytic drug widely used for the treatment of acute myocardial infarction with ST-elevation, 11 massive pulmonary embolism, 12 occluded central venous access devices 13 or other severe blood clotting disorders. 14, 15 The main mechanism by which alteplase exerts its thrombolytic effect is thought to be the catalytic conversion of plasminogen to plasmin after binding to fibrin-rich clots and plasmin in turn degrades the fibrin matrix of the formed thrombi, resulting in thrombolysis. 16 Given that platelets play an important role in the formation of both arterial and venous thrombosis, 1,2 whether alteplase affects platelet function remains poorly understood. This present study aimed to investigate the role of alteplase in platelet function by incubating human platelets with different concentrations of alteplase.
Materials and methods

Reagents
Alteplase was purchased from Boehringer Ingelheim (Ingelheim am Rhein, Germany). Adenosine diphosphate (ADP), collagen, ristocetin, arachidonic acid and epinephrine were purchased from Helena Laboratories (Beaumont, TX, USA). Collagen-related peptide (CRP) was prepared as previously described.
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Fluorescein isothiocyanate (FITC)-conjugated mouse anti-human CD41a and FITC-conjugated mouse anti-human PAC-1 antibodies were purchased from BD Biosciences (San Jose, CA, USA) and Becton Dickinson (San Jose, CA, USA), respectively. Phycoerythrin (PE)-conjugated mouse anti-human CD62p (P-selectin) and purified mouse anti-human glycoprotein (GP) VI antibody were purchased from eBioscience (San Diego, CA, USA). FITC-conjugated mouse anti-human CD42b antibody was purchased from Abcam (Cambridge, MA, USA). FITCconjugated goat anti-mouse IgG was purchased from ZSGB-BIO (Beijing, China). Thrombin was purchase from Sigma-Aldrich (St Louis, MO, USA).
Platelet preparation
Human platelets were isolated as previously described. 17, 18 Briefly, venous blood from a healthy donor, who had not ingested aspirin or other medications in the preceding 10 days, was collected into 3.2% (w/v) trisodium citrate using a 19-gauge winged infusion kit and centrifuged for 20 min at 120 g at room temperature using an Allegra 
Platelet aggregation
Platelet aggregation was performed in human citrated PRP. After treatment with different concentrations of alteplase (1, 10, 100 and 200 lg/ml) for 60 min at 37 C, human platelet aggregation (5 Â 10 7 ) in response to ADP (5 lM), collagen; 2.5 lg/ml), ristocetin (1.5 mg/ml), arachidonic acid (500 lg/ml) or epinephrine (75 lM) was determined by light transmittance aggregometry (AggRAM TM System; Helena Laboratories) as previously described. 17, 18 PPP was used as a negative control. Platelet aggregation was defined as the percentage of maximum platelet aggregation (monitored for 5 min).
Platelet activation
Platelet activation was assessed by detecting the surface levels of the a-granule glycoprotein P-selectin and by the activationdependent binding of PAC-1 to platelet aIIbb3 as described previously. 17 Human citrated PRP (5 Â 10 5 ) was incubated with different concentrations of alteplase (1, 10, 100 or 200 lg/ml) for 60 min at 37 C followed by CRP (10 lg/ml) stimulation for 15 min. After that, PE-conjugated mouse anti-human P-selectin antibody (2.5 lg/ml) or FITC-conjugated mouse anti-human PAC-1 antibody (1 lg/ml) was added and incubated for 15 min followed by analysis of platelet activation by flow cytometry (BD LSRFortessa TM ; BD Biosciences).
Levels of platelet surface receptors
The levels of platelet surface receptors, GPIba, GPVI and aIIbb3 were measured using flow cytometry. After treatment with different concentrations of alteplase (1, 10, 100 or 200 lg/ml) for 60 min at 37 C, human citrated PRP (5 Â 10
5
) was incubated with FITC-conjugated mouse anti-human CD42b antibody (GPIba; 1 lg/ml), FITC-conjugated mouse antihuman CD41a antibody (aIIb; 10 ll/test) or mouse anti-human GPVI antibody (2.5 lg/ml) for 30 min at 37 C followed by analysis of the levels of these receptors using flow cytometry (BD LSRFortessa TM ; BD Biosciences). Detection of GPVI was achieved using FITC-conjugated goat antimouse IgG as described previously. 17, 18 As platelet agonists such as CRP have been reported to induce the ectodomain shedding of platelet receptor GPIba and GPVI, leading to reduced surface levels of platelet receptors, 19 stimulation was not performed for measuring the surface levels of platelet receptors.
Clot retraction
After treatment with different concentrations of alteplase (1 or 10 lg/ml) for 60 min at 37 C, human citrated PRP (3 Â 10 8 /ml) was supplemented with 2 mM Ca 2þ and 0.5 mg/ml fibrinogen (SigmaAldrich) and clot retraction was initiated by thrombin (1 U/ml) (Sigma-Aldrich) stimulation at 37 C. Images were captured every 15 min.
Statistical analyses
Data were analysed using GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA) and are presented as mean AE SD. One-way analysis of variance with Newman-Keuls multiple comparison posthoc analysis was performed to compare the differences among multiple groups. A P < 0.05 was considered statistically significant.
Results
To evaluate whether alteplase plays a role in platelet aggregation, PRP was incubated with different concentrations of alteplase and a platelet aggregation assay was performed using light transmittance aggregometry. As seen in Figure 1 , alteplase significantly inhibited platelet aggregation in response to ADP (5 lM), collagen (2.5 lg/ml) and epinephrine (75 lM) in a dose-dependent manner (P < 0.05 for some concentrations of alteplase). However, alteplase did not affect ristocetin-or arachidonic acid-induced platelet aggregation even at a higher dose (200 lg/ml).
As platelet activation occurs upstream of platelet aggregation, the study assessed whether the reduced platelet aggregation induced by alteplase was due to insufficient platelet activation by measuring P-selectin levels and aIIbb3 activation using flow cytometry. As seen in Figure 2 , no significant changes of P-selectin levels ( Figure 2a ) and aIIbb3 activation (PAC-1 binding) ( Figure 2b ) were found in collagenstimulated platelets after alteplase treatment, indicating that alteplase does not affect platelet activation.
Platelet surface glycoprotein receptors, GPIba, GPVI and aIIbb3, play an important role in the regulation of aggregation at the site of vascular injury. 20, 21 The study evaluated whether alteplase affects the levels of platelet surface receptors using flow cytometry and showed that alteplasetreated platelets displayed no significant changes of the surface levels of platelet receptors GPIba (Figure 3a) , GPVI ( Figure 3b ) and aIIbb3 (Figure 3c ) even at a higher concentration. These findings were consistent with the lack of any effect of alteplase on platelet P-selectin levels and aIIbb3 activation, suggesting that the alteplase-induced decrease of platelet aggregation was not due to the levels of platelet surface receptors.
Clot retraction plays an important role in the stabilization of thrombus formation. 7 The study also measured the effect of alteplase on clot retraction. As shown in Figure 4 , clot retraction was observed in vehicle-treated human platelets over time and alteplase treatment impaired clot retraction.
Discussion
As a thrombolytic drug, alteplase is widely used for the treatment of acute myocardial infarction with ST-elevation, 11 massive pulmonary embolism, 12 occluded central venous access devices 13 or other severe blood clotting disorders. 14, 15 Considering the critical role played by platelets in the development and pathogenesis of several blood disorders, whether alteplase affects platelet function remains poorly understood. In this current study, by incubating human platelets with different concentrations of alteplase, it was demonstrated that alteplase treatment significantly reduced platelet aggregation in response to stimulation without affecting platelet activation and the surface levels of key platelet receptors.
Platelets orchestrate thrombosis and haemostasis. In response to vascular injury, circulating platelets adhere to exposed subendothelial matrix through membrane receptors, leading to initiation of intraplatelet signalling transduction and ) in response to adenosine diphosphate (ADP; 5 lM), collagen (2.5 lg/ml), ristocetin (1.5 mg/ml), arachidonic acid (500 lg/ml) or epinephrine (75 lM) was determined by light transmittance aggregometry. Data presented as mean AE SD; *P < 0.05; **P < 0.01; ***P < 0.001; compared with vehicle; one-way analysis of variance with Newman-Keuls multiple comparison post-hoc analysis. The colour version of this figure is available at: http://imr.sagepub.com. subsequent integrin aIIbb3 activation, which binds to fibrinogen and mediates platelet aggregation. 4 This current study demonstrated that alteplase treatment significantly inhibited platelet aggregation in response to collagen, ADP and epinephrine in a dosedependent manner, consistent with a previous study that observed reduced platelet aggregation in patients treated with alteplase compared with baseline. 22 Interestingly, alteplase treatment did not affect ristocetininduced platelet aggregation even at a higher dose, consistent with a previous study that demonstrated no significant change of ristocetin-induced platelet aggregation during the first 24 h after alteplase treatment in patients. 23 This might be due to ristocetininduced agglutination of platelets, which is independent of fibrinogen binding. 24 In addition, alteplase did not affect arachidonic acid-induced platelet aggregation, which was consistent with a previous study that showed that plasmin treatment of platelets did not inhibit arachidonate-induced platelet aggregation. 25 Platelet surface receptors GPIba, GPVI and aIIbb3 are critical for platelet adhesion, activation and aggregation as a consequence of them binding to their respective ligands. 20 Engagement of platelet receptors GPIba and GPVI after binding to vWF and collagen, respectively, causes platelet shape change, a-granule release (P-selectin production) and finally results in activation of integrin aIIbb3, which mediates platelet aggregation. 5 As platelet activation also plays an important role in platelet function, this current study also measured whether alteplase affects platelet activation by measuring P-selectin levels and aIIbb3 activation using flow cytometry. Alteplase treatment does not affect platelet activation in response to collagen stimulation as demonstrated by no significant changes in P-selectin levels and PAC-1 binding. Consistent with these findings, the current study also observed that alteplase treatment did not affect the surface levels of platelet surface receptors GPIba, GPVI and aIIbb3.
Ligand binding to aIIbb3 also triggers outside-in signalling transduction, resulting in phosphorylation of intracellular signalling molecules, such as c-Src, Syk and primary phospholipase CÇ2, which mediates platelet spreading, clot retraction and thrombus stabilization. 7 Clot retraction refers to the process in which activated Figure 2 . Effect of alteplase treatment on platelet activation. Platelet activation was assessed by detecting the surface levels of the a-granule glycoprotein P-selectin and by the activation-dependent binding of PAC-1 to platelet aIIbb3. Human platelets (5 Â 10 5 ) were incubated with different concentrations of alteplase (1, 10, 100 or 200 lg/ml) for 60 min at 37 C followed by stimulation with collagen-related peptide (10 lg/ml) for 15 min. Platelet activation was analysed by flow cytometry using phycoerythrin-conjugated mouse anti-human P-selectin antibody (a) or fluorescein isothiocyanate-conjugated mouse anti-human PAC-1 antibody (b). Data presented as mean AE SD.
platelets transduce contractile forces onto the fibrin network of a thrombus, which over time increases clot density and decreases clot size. 26 This process has been demonstrated to be important for the promotion of clot stability and maintenance of blood vessel patency. 26 In this current study, alteplase treatment significantly inhibited clot retraction, consistent with the role of alteplase in degrading the fibrin matrix of the formed thrombi through processing plasminogen to plasmin. C, the surface levels of GPIba, GPVI and aIIbb3 were measured using flow cytometry and fluorescein isothiocyanate (FITC)-conjugated mouse anti-human CD42b antibody (GPIba; a), mouse antihuman GPVI antibody (detected using FITC-conjugated goat anti-mouse IgG; b) or FITC-conjugated mouse anti-human CD41a antibody (aIIb) (c). Data presented as mean AE SD. Figure 4 . Effect of alteplase treatment on clot retraction. Platelets (3 Â 10 8 /ml) were supplemented with 2 mM Ca 2þ and 0.5 mg/ml fibrinogen. After alteplase treatment (1 or 10 mg/ml) for 60 min at 37 C, clot retraction in was initiated by thrombin (1 U/ml) stimulation at 37 C. Images were captured every 15 min.
In conclusion, this current study demonstrated that alteplase inhibits platelet aggregation and clot retraction without affecting platelet activation or the surface levels of platelet surface receptors GPIba, GPVI and aIIbb3.
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